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Upon fertilization, a sperm nucleus reorganizes to become a male pronucleus. This reorganization includes breakdown
and reformation of the nuclear envelope of the male pronucleus. In this study, we used a maternally encoded nuclear
lamina protein, YA, in parallel with another lamina protein, lamin Dm, as probes to study the formation of the male
pronuclear lamina in Drosophila melanogaster. Ectopically expressed YA is present in the nuclear envelopes of spermato-
cytes, but not in mature sperm, similar to endogenous lamin Dm. This suggests that the nuclear envelope of Drosophila
sperm differs from that of somatic cells. Upon fertilization, YA and lamin Dm are recruited to the periphery of the male-
derived nucleus before or during the early stages of migration by the male pronucleus. Using a paternal effect mutation, snky,
we found that recruitment of lamina proteins to the male pronucleus requires, and probably accompanies, reorganization of
the sperm nucleus. In order to identify factors that affect the recruitment of nuclear lamina proteins to the male pronucleus,
we examined the subcellular localization of YA and lamin Dm in mutant embryos defective for the function of either the
male pronucleus (mh, K81, and pal) or both pronuclei (gnu, png, and plu). None of these mutations affect the recruitment
of YA or lamin Dm to the male pronuclear envelope, suggesting that the mutations affect processes independent of, or
after, reorganization of the nuclear envelope. Double mutant analyses between Ya and gnu suggest that YA plays a role
in the nuclear envelope permissive for rounds of DNA replication. q 1997 Academic Press
INTRODUCTION tion of a new nuclear envelope, called the pronuclear enve-
lope, surrounding the dispersed chromatin, and (4) further
chromatin decondensation and DNA replication (see Longo,Upon entry into an egg, a sperm nucleus undergoes a
series of changes to become the male pronucleus. Subse- 1985; Stricker et al., 1989, and Poccia and Collas, 1996, for
review; also see Yamashita et al., 1990; Cothren and Poccia,quently the male and female pronuclei either fuse or coordi-
nately go through the ®rst mitotic division to form two 1993; Longo et al., 1994; Cameron and Poccia, 1994; Collas
and Poccia, 1995).zygotic nuclei (reviewed in Longo, 1985). Formation of the
male pronucleus is essential for successful fertilization. In Drosophila, despite the wealth of understanding of
phenomena in early embryonic development such as pat-Studies using organisms in which large quantities of ga-
metes can be isolated and fertilized in vitro have indicated terning, the earliest events, including the formation of the
male pronucleus, are less well understood. These eventsthat the formation of the male pronucleus includes several
steps: (1) breakdown of the sperm nuclear envelope, (2) dis- are very rapid, and they occur within the reproductive tract
of the female prior to egg deposition. It is estimated thatpersion of the highly condensed sperm chromatin, (3) forma-
the interval from sperm entry to the completion of the ®rst
mitotic division is less than 17 min (Rabinowitz, 1941).
1 Present address: Department of Embryology, Carnegie Institute The entire sperm, with its tail, enters the egg through a
of Washington, Baltimore, MD 21210.
micropyle at the anterior of the egg (Karr, 1991). This hap-2 Present address: Department of Cell Biology, Duke University
pens while the egg is still in the uterus and is going throughMedical School, Durham, NC 21209.
the ®rst meiotic division (Sonnenblick, 1950). Immediately3 Present address: Department of Biology, MIT and Whitehead
after its entry into the egg, the sperm nucleus decondensesInstitute, Cambridge, MA 02142-1479.
and becomes the male pronucleus. The male and female4 To whom correspondence should be addressed. Fax: (607) 255-
6249. E-mail: mfw5@cornell.edu. pronuclei then migrate toward each other and become
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closely apposed. This is followed by the ®rst mitotic divi- In addition to the mutations that affect the function of
the male pronucleus, three other maternal effect mutationssion, called the gonomeric division (Sonnenblick, 1950;
Callaini and Riparbelli, 1996). However, little is known have been identi®ed that affect the mitotic behavior of both
the male and female pronuclei. They are giant nuclei (gnu,about the steps required for the reorganization of the male
pronucleus. Freeman et al., 1986; Freeman and Glover, 1987), pan gu
(png, Shamanski and Orr-Weaver, 1991), and plutoniumThe essential, maternally encoded, nuclear envelope pro-
tein YA (Young Arrest) provides a molecular probe to study (plu, Shamanski and Orr-Weaver, 1991; Axton et al., 1994).
Mutant embryos defective in the functions of any of thesethe reorganization of the male pronucleus. YA is a nuclear
lamina protein strictly provided by the mother (Lin and three genes result in repeated DNA replication in the ab-
sence of mitotic divisions of all four meiotic products asWolfner, 1991; Lopez et al., 1994). Upon fertilization, when
the two pronuclei are closely apposed, YA is present in the well as the male pronucleus. These three gene products
have been proposed to function at the same step, needed tonuclear envelopes of both pronuclei (Lopez et al., 1994),
suggesting that the sperm nucleus has already reorganized halt DNA synthesis prior to fertilization or after one round
of replication in fertilized eggs (Shamanski and Orr-Weaver,and recruited YA into its nuclear envelope. Moreover, YA
function is required during the transition between meiosis 1991; Foe et al., 1993). Studies using Xenopus cell-free egg
extracts have suggested that the nuclear envelope is re-and mitosis (Liu et al., 1995). Therefore, we can use YA as
a probe to study the processes required for the reorganiza- quired for DNA replication (Blow and Laskey, 1986; New-
port, 1987; Sheehan et al., 1988; Blow and Sleeman, 1990)tion of the male pronuclear envelope as well as the func-
tional consequences of this reorganization. To determine and necessary for preventing reinitiation of DNA replica-
tion within a single cell cycle (Blow and Laskey, 1988). Sincewhether we are observing events involving the nuclear lam-
ina as a whole or speci®c to YA, we compare results with YA is present in the nuclear envelopes of both pronuclei,
and its function is required for the activities of both pronu-YA to those with the major Drosophila lamin, lamin Dm.
By taking advantage of several mutations in Drosophila clei (Lin and Wolfner, 1991; Lopez et al., 1994; Liu et al.,
1995), examining the relationship between YA and gnu, png,melanogaster that affect functions of either the male pro-
nucleus or both pronuclei, we address three questions. and plu also allows us to determine whether gnu, png, and
plu mutants affect YA's presence in the nuclear envelopeFirst, when do these proteins enter the nuclear envelope of
the male pronucleus? Second, what is the effect of known and whether YA's function is essential for continued rounds
of DNA replication in eggs and embryos.mutations in pronuclear function on assembly of the male
pronuclear lamina? Third, what does YA do in the nuclear We report the developmental timing of YA's entry into
the male pronuclear envelope in wild-type embryos and itsenvelope?
Four mutations have been identi®ed that affect the func- correlation with that of lamin Dm. We also describe YA
and lamin Dm localization in embryos defective in eithertion of the male pronucleus. They include the three paternal
effect mutations ms(3)snky (``snky,'' K. Fitch and B. Waki- the male pronucleus' function or in functions of both pronu-
clei. Finally, we present results of genetic epistasis betweenmoto, personal communication), ms(3)K81 (``K81,'' Fu-
yama, 1986; Yasuda et al., 1995), and paternal loss (pal, Ya alleles and the gnu mutation. Our results suggest that
recruitment of YA and lamin to the male pronucleus occursBaker, 1975; Tomkiel, 1990) and a maternal effect mutation
maternal haploid (mh, Santamaria and Gans, 1980; San- prior to or during the early stages of pronuclear migration
and that this accompanies or requires reorganization of thetamaria, 1983; Edgar et al., 1986). Males homozygous for
the snky mutation produce motile sperm that can enter sperm nucleus. They also indicate that YA normally per-
forms a function permissive for DNA replication.the egg. However, in embryos fertilized by snky sperm, the
sperm nucleus remains condensed regardless of the behav-
ior of the female meiotic products, and it fails to migrate
(K. Fitch and B. Wakimoto, personal communication). The MATERIALS AND METHODS
mh mutation allows only the maternal genome to partici-
pate in cleavage divisions, resulting in the formation of hap- Drosophila strains. All marker mutations and balancer stocks
loid embryos (Santamaria and Gans, 1980; Santamaria, are described in Lindsley and Zimm (1992). Ya mutant strains (Ya2,
Ya76, Ya70, and Ya77) are described in Lin and Wolfner (1991), Mohler1983). A fraction of embryos fertilized by K81 sperm show a
(1977), and Liu et al. (1995). gnu th st ri roe pp/TM3, z w mh1182/similar phenotype to that of mh embryos, and the remainder
FM3, ms(3)K81/TM3, png13-1058/FM0 prc plu3 bw sp (B27R),arrest during early nuclear cycles (Fuyama, 1986; Yasuda et
ms(3)snky/TM6 Tu Hu e and w1118; pal2/CyO were gifts of D.al., 1995). pal is a mutation that results in loss of paternally
Glover, G. Schubiger, T. Karr, T. Orr-Weaver, and B. Wakimoto,derived chromosomes during early embryonic mitosis
respectively. The ms(3)snky/TM3 stock we used was constructed(Baker, 1975; Tomkiel, 1990). The phenotypes of these mu-
from the original ms(3)snky/TM6 stock to simplify sorting. Germ-
tations indicate that both maternal and paternal compo- lineless male progeny of tud1 bw sp females (Boswell and Maho-
nents are required for the male pronucleus' function. How- wald, 1985) were used to stimulate egg-laying in virgin females as
ever, the molecular basis of the mutant defects, as well as described in Kalb et al. (1993). OregonR P2 ¯ies (Allis et al., 1977)
the stages of male pronuclear function which they affect, were used as wild-type controls.
Immuno¯uorescence microscopy. Embryos laid over a time pe-are not yet known.
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riod of 0±15 min or 0±2 hr were collected for staining with anti- introduce this protein into eggs via sperm, we tested
YA and anti-lamin antibodies from wild type and all the mutants, whether YA could enter the nuclear envelope of sperm if it
as described in Liu et al. (1995). For the maternal effect mutations is ectopically expressed during spermatogenesis. We exam-
gnu, png, plu, and mh, embryos were collected from females either ined the localization of YA protein in transgenic males car-
homozygous or, as controls, heterozygous for the mutation. For rying either the sense (5*) or the antisense (3*) Ya cDNA
paternal effect mutations, ms(3)K81, ms(3)snky, and pal embryos
constructs. As shown in Fig. 1, ectopically expressed YAwere collected from wild-type OreR P2 females mated with males
protein is present in the nuclear envelopes of primaryeither homozygous or, as controls, heterozygous for the mutation.
spermatocytes (Figs. 1A and 1B), similar to its incorporationBetween 200 and 500 embryos were examined for each mutant.
in nuclear envelopes of all somatic cell types tested uponTo examine spermatogenesis, cytological preparations were
made from transgenic males carrying the sense (5*) or, as controls, ectopic expression (Lopez et al., 1994). YA staining appears
the anti-sense (3*) Ya cDNA constructs (Lopez et al., 1994). patchy in immature elongated spermatids (data not shown).
Transgenic males 3±5 days old treated with or without heat-shock However, there is no YA staining in mature sperm (Figs.
were used for testis dissection. Heat shocks were for 1 hr at 377C, 1A and 1B). That this staining pattern likely re¯ects a global
followed by recovery for either 12±15 or 1±3 hr at room tempera- condition of the nuclear lamina is supported by our observa-
ture. Since no YA staining was observed after 12±15 hr of recovery tion of lack of lamin Dm staining in mature sperm (Figs.
(data not shown), for all results presented here, testes were dis-
1C and 1D), similar to the situation discussed in Riemersected from males who had recovered at room temperature for 1±
et al. (1995). Two different ®xation protocols, both using3 hr after heat-shock. Testis squashes were prepared using two
polyclonal antibodies against YA and lamin Dm, gave thisdifferent ®xation procedures. One was the methanol/acetone ®xa-
pattern, arguing that the lack of lamin Dm and YA stainingtion protocol as described in Pisano et al. (1993) and Williams et
al. (1995). The other ®xation protocol used paraformaldehyde as a of sperm is not a technical artifact, but rather re¯ects the
®xative as described in Berrios and Fisher (1986). The two proce- absence of these proteins from sperm. The absence of YA
dures gave the same results upon immunostaining with anti-YA as well as lamin Dm from nuclei of mature sperm suggests
and anti-lamin antibodies. that Drosophila sperm either lack a lamina structure or
Fixed embryos or squashes of testes were then stained with DAPI have a lamina with very different composition or organiza-
or propidium iodide to visualize DNA and with af®nity-puri®ed tion from that of somatic nuclei, similar to the situation
anti-YA and/or anti-lamin polyclonal antibodies to visualize nu-
in vertebrates and sea urchins (Fawcett, 1966; Stick andclear envelope proteins. Stained embryos or testes were examined
Schwartz, 1982; Benavente and Krohne, 1985; Schatten etunder a Zeiss Axioskop or a confocal microscope, as detailed in
al., 1985; Maul et al., 1986; Lehner et al., 1987; Moss et al.,Lin and Wolfner (1991) and Lopez et al. (1994). Polyclonal anti-YA
1987, 1993; Collas et al., 1995).antibodies were as described in Lin and Wolfner (1991). Polyclonal
anti-lamin Dm antibodies (Smith and Fisher, 1989) were kindly
provided by Dr. P. Fisher, SUNY Stony Brook. These antibodies
Reorganization of the Male Pronuclear Enveloperecognize lamin isoforms Dm1, Dm2, and Dmmit , as well as their
Has Occurred before It Has Completed Itsprimary translation product lamin Dm0; here we refer to these
Migration to the Female Pronucleuscollectively as lamin Dm for simplicity.
Epistasis analysis. The Ya2; gnu double mutant stock was con- Previous studies showed that when the male and female
structed by a crossing scheme beginning with y2 fs(1)Ya2 wbf spl
pronuclei are closely apposed, YA is in the nuclear envelopessn3/FM6 females and gnu th st ri roe pp/TM3 males. Double mutant
of both pronuclei (Lopez et al., 1994), suggesting that thestocks of gnu and each of the other three Ya alleles (Ya76, Ya70, and
envelope of the male pronucleus reorganizes in Drosophila,Ya77) were constructed similarly. Embryos of 0±2 hr or unfertilized
as in other systems (reviewed in Longo, 1985, Stricker et al.,eggs were collected, stained with DAPI, and examined as in Lin
and Wolfner (1991). The phenotypes of eggs and embryos produced 1989, and Poccia and Collas, 1996). In order to de®ne the
by double mutant females were compared with those produced by earliest timing of male pronuclear reorganization, we col-
singly or doubly heterozygous sibs of those females. Between 200 lected embryos from wild-type ¯ies 0±15 min after egg depo-
and 900 embryos were scored for each genotype. In addition, for sition and stained them with DAPI and anti-YA and anti-
all the double mutants and the relevant single mutant controls, lamin antibodies. As in Lopez et al. (1994), we found embryos
some embryos were aged for at least 48 hr to con®rm embryonic (about 4% of embryos examined) with two pronuclei in close
lethality. All animals were grown on yeast±glucose medium con-
apposition; both pronuclei are stained for both YA and lamintaining 30 mg/ml tetracycline (Glover et al., 1990) unless speci®ed.
(Figs. 2A and 2B; data not shown). In addition, we found twoIn the text, embryos from homozygous Ya females are designated
embryos with three polar body nuclei and two nuclei thatYa embryos; and those from homozygous gnu females are desig-
are not closely apposed, with one located relatively morenated gnu embryos.
anteriorly in the embryo (about 0.4% of total embryos exam-
ined; we believe that these embryos are rare because they
RESULTS are at a very brief stage in the rapid early nuclear events). In
these embryos, all the nuclei are stained with YA and lamin
Lack of YA Staining in Mature Sperm upon Ectopic (Figs. 2C±2F). According to Rabinowitz (1941) and Sonnen-
Expression blick (1950), the behavior of the polar body nuclei mimics
that of the two pronuclei before metaphase of the ®rst mi-The YA nuclear lamina protein is normally a strictly ma-
ternal gene product. Originally, as part of an attempt to totic division. The interphase state of the three polar body
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FIG. 1. Localization of YA protein in testes of transgenic males that ectopically express YA. Testes of transgenic males ectopically
expressing YA (5*) were prepared as described under Materials and Methods and stained with DAPI (A, C), anti-YA (B), and anti-lamin
Dm antibodies (D). Arrows point to representative sperm nuclei, while arrowheads point to representative spermatocyte nuclei. Bar
represents 10 mm and applies to all panels.
nuclei in these embryos thus indicates that the two interior
nuclei are pronuclei migrating toward each other rather than
zygotic nuclei. The more anteriorly located nucleus is ex-
pected to be the male pronucleus, based on its size and posi-
tion (Callaini and Riparbelli, 1996).
Since both YA and lamin Dm are seen in the envelopes
of both pronuclei before they are in close apposition, recruit-
ment of maternally derived nuclear lamina proteins around
the male pronucleus must have occurred prior to or during
the earliest part of the nucleus' migration.
Reorganization of the Sperm Nucleus Accompanies
Recruitment of YA and Lamin Dm to the Male
Pronucleus
Due to the rapidity with which fertilization occurs in
Drosophila, we were unable to catch wild-type embryos at
the earliest stage of sperm entry. We therefore took advan-
tage of a paternal effect mutation called snky that causes
an arrest of sperm development just after sperm entry into
the egg. Studies by K. Fitch and B. Wakimoto (personal com-
munication) have shown that males homozygous for the
snky mutation produce motile sperm that can successfully
enter the egg, but after entry into the egg the sperm nucleus
FIG. 2. Localization of YA and lamin in early wild-type embryos.remains condensed and fails to migrate. When we stained
Embryos from OreR P2 females were collected 0±15 min after eggembryos fertilized by snky sperm, we found neither YA nor
deposition. These embryos were stained with propidium iodide (A,lamin Dm staining at the periphery of the condensed sperm
C, E), anti-YA (D, F), and anti-lamin Dm antibodies (B). Both YAnucleus (Figs. 3C and 3D), even though the four female
and lamin are seen in the nuclear envelopes of the two pronucleimeiotic products are stained (Figs. 3A and 3B). Thus, the
when they are closely apposed (see A, B for lamin. YA staining
nucleus donated by the snky sperm is arrested prior to re- appears the same as lamin, see Lopez et al., 1994). C±F show DNA,
cruitment of YA and lamin Dm. and YA staining of an embryo with three interphase-like polar body
nuclei (E, F) and two pronuclei in the process of migrating towardmh, K81, and pal Mutations Do Not Prevent
each other (C, D). f and m denote the female and male pronucleus,Recruitment of YA and Lamin Dm to the Envelope respectively, based on their position in the embryo; the male pronu-
of the Male Pronucleus cleus has a relatively more anterior localization than the female
Mutations of the mh, K81, and pal genes cause defects in pronucleus. Lamin Dm staining (not shown) is similar to YA stain-
ing. These are confocal images. Bar represents 10 mm.paternal nuclear contributions after fertilization, but the
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pal is a paternal effect mutation that results in loss of
paternal chromosomes during early embryonic mitosis
(Baker, 1975; Tomkiel, 1990). Paternal chromosomes that
are lost appear to form micronuclei during the ®rst and
subsequent mitotic divisions (Tomkiel, 1990). When we
stained short collections of embryos fertilized by pal sperm,
we found YA and lamin staining at the nuclear periphery
of both pronuclei as well as at the periphery of micronuclei
which presumably contain eliminated chromosomes of pa-
ternal origin (Figs. 4E and 4F). These results suggest that
loss of paternal chromosomes induced by the pal mutation
is not due to failure of these chromosomes to associate with
or become surrounded by a nuclear envelope.
YA and Lamin Dm Are Localized to the Periphery
of the Giant Nuclei in gnu, png, and plu Mutant
Embryos
In addition to analyzing YA and lamin localization in
FIG. 3. Localization of YA protein in embryos fertilized by snky embryos defective in the male pronucleus' function, we
sperm. Embryos of 0±15 min were collected from OreR P2 females also examined their localization in gnu, png, and plu em-
mated to homozygous snky males. These embryos were then bryos, which have defects of the mitotic activity of both
stained with DAPI (A, C) and anti-YA antibodies (B, D). The four the female meiotic products and the male pronucleus. gnu,female meiotic products are stained with YA (A, B), but the con-
png, and plu are maternal effect mutations that cause re-densed sperm nucleus is not (C, D). The arrow points to one of the
peated rounds of DNA replication without mitotic divi-female meiotic products, and the arrowhead points to the sperm
sions. Therefore, both the female and the male chromo-nucleus. Lamin Dm staining of these embryos (not shown) was
somal complements form giant nuclei in the mutant em-similar to YA staining. Bar denotes 10 mm.
bryos (Freeman et al., 1986, Freeman and Glover, 1987;
Shamanski and Orr-Weaver, 1991). When we stained 0- to
2-hr embryos from females homozygous for the gnu muta-
tion, the null png and plu mutations, png13-1058 and plu3, wemolecular nature of these defects is not known. We tested
whether these mutations affected the recruitment of YA found that both YA and lamin colocalize to the periphery
of all giant nuclei in all embryos analyzed (Figs. 4G±4L).and lamin Dm to the male pronucleus by staining mutant
embryos collected 0±15 min after egg deposition with anti- Therefore, the male chromosomal complement has reorga-
nized its nuclear envelope in these embryos, as in normalYA and anti-lamin Dm antibodies.
Embryos derived from mh mothers are haploid because embryos. A fraction of embryos contain giant nuclei that
are partitioned into many small compartments seen via YAonly the female genome participates in cleavage divisions
(Santamaria and Gans, 1980; Santamaria, 1983). Edgar et al. and lamin Dm staining (data not shown). The number of
compartments in these embryos exceeds ®ve (the number(1986) reported that this appears to be due to a failure of
pronuclear apposition. When we stained mh embryos 0±15 of four meiotic products and the male pronucleus). Thus
this compartmentalization likely is a manifestation of themin after egg deposition, we observed embryos with two
pronuclei in close apposition (about 1.25% of embryos ex- disintegration of the giant nuclei, a process reported by
Freeman et al. (1986). In any case, the presence of YA andamined), as well as embryos with two pronuclei not closely
apposed (also about 1.25% of embryos examined), which lamin in giant nuclei of gnu, png, and plu embryos suggests
that the gnu, png, and plu mutations do not affect the nu-was indicated by the presence of interphase- or prophase-
like polar bodies in these embryos (data not shown). In both clear envelope recruitment of YA.
types of embryos, nuclear envelope YA and lamin staining
was seen in both pronuclei (Figs. 4A and 4B for YA staining
Ya Is Epistatic to the gnu Mutationof mh embryos with two pronuclei in close apposition).
When we stained early embryos fertilized by K81 sperm, The results described above showed that YA is present
in nuclear envelopes of all giant nuclei in gnu, png, and pluwe also observed YA and lamin staining in embryos that
had two pronuclei closely apposed (Figs. 4C and 4D; about embryos. Since a number of studies have suggested that the
nuclear envelope is required for DNA replication (Blow and2.5% of embryos examined). The presence of YA and lamin
in the envelope of the male pronucleus in mh and K81 Laskey, 1986; Newport, 1987; Sheehan et al., 1988; Blow
and Sleeman, 1990) and necessary for the mechanism thatembryos suggests that these two mutations do not affect
the recruitment of YA and lamin Dm during the formation prevents reinitiation of DNA replication within a single cell
cycle (Blow and Laskey, 1988), it is possible that YA mightof the male pronucleus.
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FIG. 4. Localization of YA protein in mh, ms(3)K81, pal, gnu, png, and plu embryos. For mh, K81 and pal, 0- to 15-min embryos were
collected from either homozygous mh females (A, B) or OreR P2 females mated to homozygous K81 males (C, D) or pal males (E, F). For
gnu, png, and plu, 0- to 2-hr embryos were collected from females homozygous for gnu (G, H), png13-1058 (I, J), or plu3 (K, L). These embryos
were then stained with propidium iodide (A, C) or DAPI (E, G, I, K) to visualize DNA and with anti-YA antibodies (B, D, F, H, J, L). The
staining pattern of anti-lamin Dm antibodies (not shown) was similar to that of anti-YA antibodies. For embryos shown in A±F, YA and
lamin were also seen in nuclear envelopes of the three polar-body nuclei (data not shown). The arrows in E and F indicate the micronucleus
in pal embryos. Bar represents 10 mm for A±F and 30 mm for G±L.
play a role in permitting DNA replication. We therefore Table 1 summarizes the data for double mutant analysis
of gnu with different Ya alleles. Notice that double mutantsexamined the phenotypes of double mutants between gnu
and four Ya mutant alleles, Ya2, Ya76, Ya70, and Ya77. between gnu and the leaky Ya alleles (Ya70, Ya77) give rise
to a mixture of embryos with Ya- and gnu-like phenotypes.As described above, gnu mutant eggs and embryos contain
a small number of giant nuclei (Freeman et al., 1986; Free- This is probably due to the residual YA function associated
with Ya70 and Ya77 (Liu et al., 1995), which allows the mu-man and Glover, 1987; Figs. 5A and 5E), a phenotype very
distinct from that of Ya mutant eggs and embryos (Figs. 5B tant embryos to pass through the Ya block.
and 5F). However, embryos from females doubly mutant for
gnu and Ya76 (a putative null Ya allele, Liu et al., 1995) are
indistinguishable from the corresponding Ya embryos in DISCUSSION
terms of nuclear morphology (Figs. 5B and 5C). The same
results were obtained for gnu and Ya2 (another putative null Using YA and Lamin Dm as Probes to Study the
allele; Lin and Wolfner, 1991) double mutants (Lin, 1990; Formation of the Male Pronucleus
reported in preliminary form in Lin et al., 1991). In addition
to embryos, in unfertilized eggs (0- to 2-hr collections) pro- We have reported here studies on the formation of the
male pronuclear lamina in Drosophila using YA and laminduced from Ya76; gnu0 double mutant females, fused mei-
otic products with abnormally condensed chromatin were Dm as probes. Both YA and lamin Dm are undetected in
nuclei of mature sperm in cytological preparations, sug-observed, as seen in Ya unfertilized eggs (Figs. 5F and 5G;
Liu et al., 1995). Therefore, without functional YA, repeated gesting that the nuclear lamina is either absent or altered
in sperm. Both YA and lamin Dm become detectable at theDNA replication cannot occur in gnu mutant eggs or em-
bryos. These results suggest that YA function is required periphery of the male pronucleus shortly after sperm entry
and prior to or during the early part of pronuclear migration.for repeated rounds of DNA replication to occur, perhaps
by setting up a precondition for GNU function. The fact Using a paternal effect mutation, snky, which prevents reor-
ganization by the sperm, we found that reorganization ofthat Ya is epistatic to gnu in unfertilized eggs as well as in
embryos also con®rms Liu et al. (1995) that YA function is the sperm nucleus is required for, or accompanies, the re-
cruitment of YA and the detection of lamin at the malerequired before fertilization.
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FIG. 5. Nuclear phenotypes of embryos and unfertilized eggs from Ya; gnu double mutants examined by DAPI staining. 0- to 2-hr embryos
(A±D) or unfertilized eggs (E±H) from Ya/gnu0 (A, E), Ya76gnu/ (B, F), Ya76gnu0 (C, G), and Ya/gnu/ (D, H) females were collected and
stained with DAPI. Phenotypes of Ya76gnu0 double mutant embryos (shown at lower power to indicate the multiple giant nuclei (A) and
the relative sizes of the nuclei in mutant and control eggs (A±D) and unfertilized eggs (shown at higher power in E±F to emphasize
differences in nuclear morphology) looked the same as those of Ya76gnu/ embryos and unfertilized eggs, respectively. Notice the abnormally
condensed chromatin (indicated by arrows) in Ya76gnu/ and Ya76gnu0 embryos and unfertilized eggs similar to that in Liu et al. (1995) for
Ya2, compared to the nicely arranged star-shaped chromosome complements (indicated by the arrowhead) in Ya/gnu/ eggs. Bar represents
100 mm in A±D, 10 mm in E, and 3 mm in F±H.
pronuclear periphery. Based on morphological studies of the and Poccia, 1993; Longo et al., 1994; Cameron and Poccia,
1994; Collas and Poccia, 1995). In addition, we have pre-snky mutant phenotype, K. Fitch and B. Wakimoto have
proposed (personal communication) that SNKY function viously proposed, on the basis of phenotypes of Ya mutant
eggs and embryos, that YA plays a role in coordinating nu-might be required for breakdown of either the plasma mem-
brane or the nuclear membrane of the sperm. Our results clear activities required for transition between meiosis and
the ®rst mitotic division (Liu et al., 1995). The recruitmentindicate that this breakdown is necessary to allow the for-
mation of a maternally derived nuclear lamina around the of YA to the male pronucleus during this transition period
further supports this hypothesis.male pronucleus as part of the reorganization of the sperm
nucleus into the male pronucleus. This is consistent with Using YA and lamin Dm as probes, we also examined
pronuclear lamina formation in embryos defective in each®ndings in the gynogenetic crucian carp (Yamashita et al.,
1990), in which breakdown of the sperm nuclear envelope of several genes that affect the male pronucleus' function.
Three mutations, mh, K81, and pal, cause defects in pater-was demonstrated to be required for the formation of the
male pronucleus. Whether recruitment of YA and lamin nal nuclear contributions after fertilization (Santamaria and
Gans, 1980; Santamaria, 1983, for mh; Fuyama, 1986; Ya-to the male pronucleus precedes or coincides with sperm
chromatin decondensation cannot be determined. However, suda et al., 1995, for K81; Baker, 1975; Tomkiel, 1990, for
pal). Our results showing that both YA and lamin Dm arethe formation of a new nuclear envelope during this period
of sperm nuclear reorganization is consistent with studies present in the nuclear envelopes of both pronuclei in mh
and K81 embryos suggest that these two mutations do notof a variety of organisms (reviewed in Longo, 1985; Stricker
et al., 1989, and Poccia and Collas, 1996; see also Cothren affect the male pronucleus' ability to recruit YA or lamin.
TABLE 1
Nuclear Phenotypes of Double Mutant Embryos from gnu and Different Ya Alleles
Embryo Ya76; gnu/ Ya76; gnu0 Ya70; gnu/ Ya70; gnu0 Ya77; gnu/ Ya77; gnu0
phenotypes (n  301) (n  316) (n  201) (n  813) (n  488) (n  753)
Ya-like embryos
Proa 90.7 94.5 57.7 14.9 55.4 66.0
Multib 9.3 5.5 42.3 0.8 44.6 7.0
gnu-like embryos 0 0 0 84.3 0 27.0
Note. The numbers in the table represent percentage of embryos with a certain phenotype. Results from this table are based on DAPI
staining of embryos. Results for Ya2;gnu are similar to those of Ya76;gnu (Lin, 1990).
a and b Pronuclear arrested embryos and abnormal multiple nuclear arrested embryos (type I and type II, as in Liu et al., 1995).
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Therefore, the defects caused by loss of function of mh and ina protein, lamin LIII , has been shown to be required for
DNA replication (Newport et al., 1990; Meier et al., 1991;K81 are either in processes independent of or after nuclear
envelope reorganization by the male pronucleus. Consistent Jenkins et al., 1993, 1995; Hutchison et al., 1994; Goldberg
et al., 1995). Immunodepletion of lamin LIII from the eggwith this model, Yasuda et al. (1995) reported that sperm
decondensation, pronuclear migration, and alignment are does not prevent nuclear assembly. But the assembled nu-
clei are fragile and cannot assemble preinitiation complexesnormal in a majority of mutant K81 embryos.
In embryos fertilized by sperm lacking PAL function, YA properly; they don't replicate DNA. Therefore, the nuclear
lamina has been hypothesized to be essential for properand lamin Dm are present in the nuclear envelopes of both
pronuclei and also at the periphery of the micronuclei chromatin organization, required for DNA replication.
As a component of the nuclear lamina, YA might ®t intowhich presumably contain lost chromosomes of paternal
origin (Tomkiel, 1990). Therefore, the pal mutation does this function of the nuclear lamina. Phenotypic analyses
showed that Ya mutant eggs and embryos contain nucleinot affect the nuclear envelope localization of YA. These
results suggest that abnormal segregation of chromosomes with abnormally condensed chromatin (Liu et al., 1995).
The YA sequence predicts potential DNA binding motifsinduced by the pal mutation is not due to inability of the
male nucleus to organize a lamina or to failure of paternal (Lin and Wolfner, 1991; Liu et al., 1995). In addition, YA
protein binds to decondensed sperm chromatin in vitro andchromosomes to associate with, and nucleate the formation
of, a nuclear envelope. polytene chromosomes upon ectopic expression (Lopez and
Wolfner, 1997). Therefore, YA might bind to chromatin andIn addition to the above mutations that affect the func-
tion of the male pronucleus, we also examined the localiza- organize the chromatin structure in early embryos in a way
that permitted DNA replication. A previous study compar-tion of YA and lamin in gnu, png, and plu embryos which
affect the function of both pronuclei. None of these muta- ing the DAPI staining ¯uorescence intensity of nuclei in the
pronuclear region of Ya mutant embryos to that of nuclei intions affected the recruitment of YA and lamin by the male
pronucleus. the polar body region suggested that in the absence of YA
function embryos could undergo one round of DNA replica-Finally, the absence of lamin Dm and ectopically ex-
pressed YA in mature sperm suggests that the lamina of the tion (Lin and Wolfner, 1991). However, recent observations
using ¯uorescence in situ hybridization (J. M. Lopez, A.Drosophila sperm nuclear envelope is absent, or present in
an altered form, as is the case in several other organisms Dernberg, and M. F. Wolfner, in preparation) indicate that
the identities and numbers of nuclei in the pronuclear and(Fawcett, 1966, for cat; Stick and Schwarz, 1982, and Lehner
et al., 1987, for chicken; Benavente and Krohne, 1985, for polar body regions are variable and abnormal. Thus, it is
not clear whether a single round of DNA replication hasXenopus; Schatten et al., 1985, Maul et al., 1986, Moss et
al., 1987, 1993, Collas et al., 1995, for mouse and sea ur- occurred, or completed, in Ya-de®cient embryos.
The epistasis of Ya to gnu suggests that without func-chin). Ultrastructural studies of Drosophila spermatogenesis
have shown that during the formation of the mature sperm, tional YA, multiple rounds of DNA replication cannot oc-
cur in gnu0 embryos. Consistent with our results, Sha-the sperm nuclear envelope ®rst becomes fenestrated at one
side and is then eliminated later as excess membranes (Lind- manski and Orr-Weaver (1991) reported unpublished data
that the apparent null Ya allele, Ya76 (Liu et al., 1995), issley and Tokuyasu, 1980). It is tempting to speculate that,
during spermatogenesis in Drosophila, the nuclear lamina epistatic to a null plu mutation. Since GNU, PNG, and PLU
have been proposed to function at the same step (Shamanskibecomes partitioned into the fenestrated side of the nuclear
envelope and is stripped during formation of a mature and Orr-Weaver, 1991), the epistasis results suggest that YA
functions upstream of GNU, PNG, and PLU; moreover, YAsperm. Such a modi®ed or absent nuclear lamina might be
important for organizing or maintaining the structure of the function is probably required to set up a condition permis-
sive for repeated rounds of DNA replication. Further studiessperm nucleus, which allows its chromatin to be highly
compact. We propose that an altered or missing nuclear will be required to determine how YA and the nuclear lam-
ina are involved in setting up these conditions.lamina in Drosophila sperm might facilitate rapid break-
down of the sperm nuclear envelope upon fertilization to
allow rapid formation of the male pronucleus and coordina-
tion of the two pronuclei to enter the ®rst mitotic cell cycle. ACKNOWLEDGMENTS
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